Summary
The purpose of the present study was to quantitate insulin-mediated glucose disposal in normal glucose tolerant patients with angiographically documented coronary artery disease (CAD) and to define the pathways responsible for the insulin resistance. We studied 13 healthy, normal weight, normotensive subjects with angiographically documented CAD and 10 age-, weight-matched control subjects with an oral glucose tolerance test and a 2-h euglycaemic insulin (40 mU ⋅ m ) clamp with tritiated glucose and indirect calorimetry. Lean body mass was measured with tritiated water. All CAD and control subjects had a normal oral glucose tolerance test. Fasting plasma insulin concentration (66 ± 6 vs 42 ± 6 pmol/l, p < 0.05) and area under the plasma insulin curve following glucose ingestion (498 ± 54 vs 348 ± 42 pmol ⋅ l , p < 0.01) was significantly decreased in CAD subjects and this was entirely due to diminished non-oxidative glucose disposal (8. , p < 0.001). The magnitude of insulin resistance was positively correlated with the severity of CAD (r = 0.480, p < 0.05). In the CAD subjects basal and insulin-mediated rates of glucose and lipid oxidation were normal and insulin caused a normal suppression of hepatic glucose production. In conclusion, subjects with angiographically documented CAD are characterized by moderate-severe insulin resistance and hyperinsulinaemia and should be included in the metabolic and cardiovascular cluster of disorders that comprise the insulin resistance syndrome or 'syndrome X'. [Diabetologia (1996) 39: 1345-1350] Keywords Insulin resistance, coronary artery disease, glucose metabolism, hyperinsulinaemia.
between hyperinsulinaemia and atherosclerotic cardiovascular events has also been documented in large-scale epidemiologic studies in both non-diabetic [14] [15] [16] [17] [18] [19] and diabetic [20] [21] [22] [23] [24] individuals. However, little information is available about the association between insulin resistance and atherosclerosis. Laakso et al. [25] have shown that non-diabetic subjects with asymptomatic femoral and carotid atherosclerosis are insulin resistant compared to subjects without peripheral atherosclerosis. No publications have appeared in which insulin sensitivity was measured in patients with documented coronary artery disease (CAD). The present study was, therefore, undertaken to quantitate insulin-mediated glucose disposal in normal glucose tolerant patients with angiographically documented CAD and to define the intracellular pathways responsible for the insulin resistance.
Subjects and methods
Subjects. Ten healthy control subjects without CAD and 13 subjects with angiographically documented CAD served as the subject population. Subjects who had a diagnostic cardiac catheterization within the 4-month period prior to initiation of the study, who had never been told that they were diabetic, and whose fasting glucose concentration at the time of cardiac catheterization was not diagnostic of diabetes were contacted by phone. Those individuals who expressed an interest in the study received an oral glucose tolerance test (OGTT). Six subjects with angiographically documented CAD and two without CAD were excluded because of an abnormal glucose tolerance curve. The characteristics of the two study groups are shown in Table 1 .
The control and CAD groups were well matched for age, gender, race, ideal body weight, and body mass index. All subjects were within 30 % of ideal body weight based upon the 1959 Metropolitan Life Insurance tables. All subjects had a normal OGTT according to National Diabetes Data Group (NDDG) criteria and, other than chest pain, all subjects were in good general health. No subject had any clinical or laboratory evidence of endocrine disease, hypertension, liver or renal disease, or any major organ system disease. In 1 subject who was taking a beta blocker, the drug was discontinued 2.5 weeks prior to study. No subject was taking a diuretic. In the CAD group 2 subjects were taking a long-acting nitrate preparation alone, 4 subjects were taking a calcium channel blocker alone, and 7 subjects were taking a calcium channel blocker plus a long-acting nitrate preparation. No subjects in the control group were taking any medication known to affect glucose metabolism. No subject was excessively sedentary or was participating in any heavy exercise. All subjects with CAD had chronic stable angina and were studied when they had unrestricted activity. All patients had maintained a constant body weight for at least 2 months prior to entry into the study.
Two to 4 months prior to entry into the study, all subjects had undergone a diagnostic cardiac catheterization as part of an evaluation for chest pain, for an abnormal stress test, or for a heart murmur. The indications for coronary arteriography in the CAD group included: chest pain plus an abnormal ECG, abnormal stress ECG test or abnormal stress-thallium test (n = 13). The indications for coronary arteriography in the control group included chest pain plus an abnormal ECG or stress-thallium test (n = 8) and heart murmur (n = 2). Cardiac catheterization was performed with the standard Judkins technique, using 6 or 7 French diagnostic catheters. Multiple orthogonal views were obtained of both the left and right coronary arteries and biplane left ventriculography was performed using a Phillips DCI system (Phillips Corp, Einthoven, The Netherlands). Coronary cineangiography was analysed using an on-line commercially available software program to determine the percentage of coronary stenosis. A subject was considered to have no CAD if no major vessel demonstrated any stenosis greater than 10 %. CAD was defined as the presence of stenosis greater than or equal to 50 % in one or more major coronary arteries. Subjects with intermediate degrees of stenosis were excluded from the study. The subjects without significant coronary artery stenosis were considered to have non-cardiac chest pain and did not receive any specific treatment by their physicians.
Prior to their participation in the study all subjects gave their informed, written, voluntary consent. The protocol was approved by the Institutional Review Board of the University of Texas Health Science Center.
Study protocol. Each subject participated in two studies which were performed 3 to 7 days apart. All studies were carried out at 08.00 h after a 10-12 h overnight fast. On the first study day the patients underwent a 75-g OGTT. Blood samples for determination of plasma insulin, non-esterified fatty acid (NEFA), and glucose concentrations were drawn at − 30, − 15, 0 min and every 15 min for 2 h. On the day of the OGTT a 100-mCi intravenous bolus injection of 3 H 2 O was given at time zero and blood samples were obtained at 90, 105, and 120 min to determine lean body mass [26] . Only subjects with a normal glucose tolerance test, according to the NDDG criteria, participated in the second study. Subjects with overt diabetes or impaired glucose tolerance were excluded from further participation. Within 3-7 days following the OGTT, subjects received a hyperinsulinaemic (40 mU ⋅ m −2 ⋅ min −1 ) euglycaemic clamp to measure whole body insulin-mediated glucose disposal [27] . The insulin infusion rate was chosen to attain physiological levels of hyperinsulinaemia (~480 pmol/l). The insulin clamp was performed with 3-3 H-glucose, which was given as a 25-mCi bolus followed by continuous infusion at a rate of 0.25 m Ci/min. The 3-3 H-glucose infusion was started 120 min prior to the start of insulin infusion and maintained throughout the 2 h period of insulin infusion. After the start of insulin an exogenous infusion of 20 % D-glucose was begun and periodically adjusted based upon the negative feedback principle to maintain euglycaemia in all patients [27] . During the 30 min prior to the start of the insulin infusion, five baseline blood samples were drawn for glucose, insulin, and NEFA concentrations and 3-3 H-glucose radioactivity. During the insulin clamp period blood samples were obtained every 5-15 min for the determination of insulin, glucose and NEFA concentrations and 3-3 H-glucose radioactivity. Continuous indirect calorimetry was performed during the last 45 min of the basal and insulin infusion periods to determine whole body rates of glucose and lipid oxidation [28] . Urine samples were collected during the 2 h baseline and insulin infusion periods for the determination of urea nitrogen excretion.
Analytical methods. Plasma glucose was determined by the glucose oxidase method (Beckman Glucose Analyzer, Beckman Instruments, Fullerton, Calif., USA). Plasma insulin (Coat-ACount; Diagnostic Products Corp., Los Angeles, Calif., USA) concentration was measured by radioimmunoassay. Plasma NEFA concentration was determined by a microfluorimetric method [29] . Plasma 3-3 H-glucose radioactivity was determined following precipitation of plasma proteins with the Somogyi procedure [30] .
Calculations. During the last 30 min of the basal period a steady-state plateau of 3-3 H-glucose specific activity (dpm/ mg) was achieved in all subjects. Hepatic glucose production (which equals the rate of glucose disposal) was determined by dividing the 3-3 H-glucose infusion rate (dpm/min) by the steady-state glucose specific activity (dpm/mg). During the insulin period non-steady-state conditions exist and Steele's equation was used to determine whole body glucose appearance (Ra) [31] . The rate of hepatic glucose production during the insulin period was calculated by subtracting the rate of exogenous glucose infusion from the rate of total glucose appearance (Ra) determined by the isotope tracer technique. Total body glucose uptake (mmol ⋅ kg
) was calculated as the sum of the exogenous glucose infusion rate plus the rate of residual hepatic glucose production. Glucose and lipid oxidation were determined from the non-protein respiratory quotient [29] obtained during the last 40 min of both the basal and insulin periods. Non-oxidative glucose disposal, an index of glycogen formation [32] , was calculated as the difference between whole body glucose metabolism and glucose oxidation. The total body water volume was determined by dividing the dose of 3 H 2 O injected (dpm) by the plasma 3 H 2 O radioactivity (dpm/ml). The total body water is assumed to be 72 % of the lean body mass. The area under the glucose and insulin curves was determined using the trapezoidal rule.
Statistical analysis
All data are presented as the mean ± SEM. Comparison between groups was done using the Student's unpaired t -test. Changes from baseline within each group were determined with the paired t -test. Correlation coefficients were calculated using standard formulae. When comparing insulin-mediated glucose disposal with the severity of CAD, the number of stenotic coronary vessels was taken as a continuous variable. A p -value less than 0.05 was considered to be statistically significant.
Results
The control and CAD groups were well-matched for age, body weight, body mass index (BMI), and fat free mass (FFM) ( Table 1 ). The fasting glucose concentration was similar in both groups, but the fasting plasma insulin concentration was significantly increased (p < 0.05) in patients with CAD. The total cholesterol was slightly higher in the CAD group (p < 0.05), but the LDL cholesterol was similar in both groups. The plasma triglyceride concentration was 37 % higher in patients with CAD (p < 0.01), while the plasma HDL-cholesterol was similar in the two groups.
During the OGTT the plasma glucose concentration at each time point (Fig. 1) , as well as the area under the glucose concentration curves (8.1 ± 0.2 vs
, respectively), were similar in the CAD and control groups. At each time point during the OGTT, the plasma insulin concentration was increased in the CAD group (Fig. 1 ) and the area under the plasma insulin curve (498 ± 54 vs 348 ± 42 pmol ⋅ l
, respectively, p < 0.001) was significantly increased in the CAD vs control group. Fasting plasma NEFA levels were similar in the control and CAD group and suppressed similarly during the OGTT.
During the insulin clamp the steady-state plasma glucose (5.1 ± 0.1 vs 5.1 ± 0.1 mmol/l) and insulin (534 ± 36 vs 462 ± 30 pmol/l) concentrations were similar in the control and CAD groups, respectively. The coefficients of variation in plasma glucose and insulin concentrations during the insulin clamp were less than 5 and 10 %, respectively, in all subjects. In response to insulin the increase in total body glucose disposal was significantly reduced in CAD vs control subjects (27.8 ± 3.9 vs 38.3 ± 4.4
, p < 0.001) (Fig. 2) . There was no difference in the rate of insulin-mediated glucose disposal between the eight Mexican-American and the five Caucasian subjects with CAD. Basal glucose oxidation was similar in the CAD and control groups (9.4 ± 0.6 vs 8.9 ± 0.6
) and rose similarly in response to insulin (18.9 ± 2.2 vs 18.3 ± 0.6 (Fig. 2) . All of the defect in insulin-mediated whole body glucose disposal in the CAD group was accounted for by a decrease in non-oxidative glucose disposal (8.9 ± 2.8 vs 20.0 ± 3.3
, p < 0.001) (Fig. 2) . Basal lipid oxidation was slightly greater in the CAD group vs the control group (1.20 ± 0.08 vs 1.06 ± 0.09 mg ⋅ kg FFM ). In the CAD group the rate of insulin-mediated glucose disposal was inversely related to the BMI (r = − 0.648, p < 0.01). A similar inverse relationship was noted in the control subjects (r = − 0.774, p < 0.01). However, for any given BMI, the CAD subjects metabolized approximately 30 % less glucose in response to insulin compared to the control subjects. In the CAD group the fasting plasma insulin concentration was inversely related to the rate of insulin-mediated glucose disposal (r = − 0.517, p < 0.01) and to the BMI (r = − 0.473, p < 0.01). The area under the insulin curve was also inversely related to the rate of insulinmediated glucose disposal (r = − 0.479, p < 0.01) but not to the BMI. An inverse relationship between the rate of insulin-mediated glucose disposal and the plasma triglyceride concentration was present in the CAD group (r = − 0.512, p < 0.01). Similar correlations were not present in the control group. The magnitude of insulin resistance was correlated with the number of stenotic vessels (r = 0.480, p < 0.05) (Fig. 3) . No correlation was observed between the rate of insulin-mediated glucose metabolism and either the fasting or glucose-stimulated plasma insulin concentration.
Discussion
The association between hypertension, dyslipidaemia, obesity, impaired glucose tolerance, NIDDM, coronary artery disease, insulin resistance and hyperinsulinaemia is well-established and collectively these disorders have been referred to as the insulin resistance syndrome or 'syndrome X' [1] [2] [3] . Of this cluster of disorders the association between atherosclerosis and insulin resistance is least well-established. Several large prospective, as well as cross-sectional, epidemiologic studies have documented an association between CAD and hyperinsulinaemia in both non-diabetic [14] [15] [16] [17] [18] [19] and diabetic individuals [20] [21] [22] [23] [24] . An association between abnormal ECG findings and both fasting and post-OGTT plasma insulin concentrations has also been demonstrated in hypertensive non-diabetic subjects [33] . Because hyperinsulinaemia usually reflects underlying insulin resistance [1, 2, [7] [8] [9] , it generally has been assumed that individuals with CAD are insulin resistant. Only one previous study, that of Laakso et al. [25] , has examined insulin-mediated glucose disposal in subjects with well-documented atherosclerosis. Using ultrasonography, these investigators demonstrated an association between asymptomatic peripheral (carotid and femoral) atherosclerosis and insulin resistance in 30 middle-aged non-obese individuals. Since neither fasting nor glucose-stimulated plasma insulin levels were increased, the authors concluded that insulin resistance, and not hyperinsulinaemia, played the primary role in the development of atherosclerosis.
To our knowledge, however, no previous study has directly quantitated insulin-mediated glucose disposal and related it to the presence or absence of angiographically documented CAD. In the present study we measured insulin sensitivity with the euglycaemic insulin clamp technique and related it to the presence or absence of angiographically documented CAD. A positive relationship was observed between the severity of CAD and the severity of insulin resistance (Fig. 3 ). Patients with CAD had a 25 % decrease in insulin sensitivity and all of the decrease in insulin action could be accounted for by a defect in non-oxidative glucose disposal (Fig. 2) . This pattern of insulin resistance closely resembles that which is seen in hypertension [1, 4] , obesity [10] , NIDDM [7, 8] , and dyslipidaemia [5, 34] and provides further support for the inclusion of atherosclerotic cardiovascular disease in the cluster of disorders that comprise the insulin resistance syndrome. Since the present study was carried out on a relatively modest sample size, it needs to be confirmed in larger populations. However, because of the invasive criteria used to establish the diagnosis of CAD, these studies will probably have to employ non-invasive tests to establish the diagnosis of CAD, as in the study of Paolisso et al. [35] . Using clinical and electrocardiographic criteria to establish the presence or absence of CAD, these investigators also demonstrated that patients with CAD were resistant to insulin compared to the control group.
It should be noted that our patients with CAD were not obese, had normal glucose tolerance, were normotensive, and had normal LDL-cholesterol and HDL-cholesterol levels. Therefore, we can exclude these factors in the pathogenesis of both the insulin resistance and CAD. We did not measure LDL particle size or density. Since small, dense LDL have been shown to be associated with insulin resistance and with CAD [36] , a similar relationship cannot be excluded in the present study. The plasma triglyceride levels were increased in our insulin-resistant patients with CAD and, since hypertriglyceridaemia has been associated with both insulin resistance [5, 34] and CAD [37, 38] , an aetiologic role for impaired VLDL metabolism in both insulin resistance and CAD cannot be excluded in the present study.
In the present study our insulin-resistant patients with CAD were also hyperinsulinaemic and, therefore, differ from the normoinsulinaemic patients described by Laakso et al. [25] . Since in vivo [11-13, 39, 40] and in vitro [1, 41] studies have demonstrated that insulin is an atherogenic hormone, it is difficult to differentiate whether it is the hyperinsulinaemia or the insulin resistance that is responsible for the development of CAD. We failed to observe a significant relationship between the plasma insulin concentration and the severity of CAD. This observation suggests that it is the insulin resistance (Fig. 3) , and not the level of hyperinsulinaemia, that is related to the presence of coronary atherosclerosis.
The present results may have direct clinical relevance for the treatment of diabetic patients with hypertension. Four studies have demonstrated that hypertensive non-insulin-dependent diabetic (NIDDM) patients treated with diuretics and beta blockers have an increased incidence of morbidity and mortality from atherosclerotic cardiovascular disease compared to hypertensive diabetic patients receiving no treatment or treated with other classes of antihypertensive medications [42] [43] [44] [45] . Both beta blockers and diuretics have been shown to cause insulin resistance [46, 47] . A failure to observe the expected decline in cardiovascular morbidity and mortality has also been observed in non-diabetic hypertensive individuals treated with beta blockers and diuretics [48] . Based upon the results of the present study, it is interesting to speculate that the development of insulin resistance during beta blocker and diuretic therapy offsets the beneficial effects of these drugs in reducing the elevated blood pressure. This deleterious effect of the beta blockers and diuretics appears to be particularly pronounced in NIDDM subjects who are characterized by underlying insulin resistance.
In summary, the present results demonstrate for the first time that individuals with angiographically documented CAD are characterized by insulin resistance involving the non-oxidative or glycogen synthetic pathway. As such, these individuals closely resemble patients with essential hypertension, obesity, impaired glucose tolerance, NIDDM, and dyslipidaemia and this justifies their inclusion in the insulin resistance syndrome. 
